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Abstract

Toward a Novel Gas Cell for X-ray Spectroscopy

Fredrik Stångberg Valgeborg

The new millennium has seen revolutionary advances in photon
source technology. As the newly constructed synchrotron facility
MAX IV in Lund, Sweden, pushes brilliance toward what is
physically possible, low-yield spectroscopic techniques, such as
resonant inelastic X-ray scattering (RIXS), open new doors in
molecular and condensed matter research. The VERITAS beamline at
MAX IV is designed for high-resolution vibrational RIXS on gases.
X-rays interact with flowing molecules inside a window-capped
cell, but the radiation intensity is expected to be large enough
to damage the windows, and cause build-up of photochemical
products, which lowers transmission. To address these issues, a
novel gas cell design is presented, wherein the distance between
sample gas and window is increased by using a flowing helium
buffer. The main challenge is maintaining a steep sample gas
concentration gradient within the cell, and to that end, gas flows
were simulated on various geometries by using the finite element
method to solve the Navier-Stokes equations. Results were used to
construct a prototype, and confocal Raman microscopy was used for
concentration characterization. Preliminary measurements revealed
a uniform sample gas distribution, and the technique proved to be
inefficient for wide scanning of parameter values. This suggests
that a supplementary experiment is required to find rough
estimates of good parameter values, which can then be followed up
with new Raman measurements for fine-tuning of the proper
parameter space. Real-time visualization of the sample gas flow,
using a visible gas under an optical microscope, is one candidate
for this supplementary experiment.
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Examinator: Andreas Korn
Ämnesgranskare: Olle Björneholm
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Populärvetenskaplig Sammanfattning
Ljuspartiklar, “fotoner”, åldras inte. För dem står tiden helt still. Trots det så anvslöjar de
mer för oss människor, än nästan något annat, om vad som händer i världen när tiden går.
Så är det för att ljus kan interagera med materia i naturen, och ta med sig information om
materien när det far vidare. När ljuset sen träffar våra ögon skickas signaler till hjärnan som
tolkar dessa i bilder. Vi ser sprakande färger, skarpa konturer och en massa rörelser, vilket
stimulerar kemiska reaktioner i våra kroppar, som gör att vi reagerar med egna rörelser,
som i sin tur påverkar omgivningen. Genom ljuset blir människor, och resten av naturen,
ömsesidigt interaktiva. Ja, det är förstås inte det enda som gör att vi interagerar, men nog
så viktigt är det.

Ljusets förmåga att förändra vår värld tar inte slut där. Genom att noggrant studera
ljusets interaktioner med materia har forskare gjort fantastiska upptäckter, om både ljus och
materia. Det var till exempel så vi insåg att ljus faktiskt består av små paket - fotoner alltså
- och att det vi upplever som färg är ett mått på hur mycket energi en foton bär på. Färg
är förresten en viktig del av den där informationen ljuset kan ta med sig om materia. Alla
ämnen har som egna fingeravtryck, som består av de färger som ljuset bär med sig efter att
det har interagerat med ämnet. Fingeravtrycket kallar vi för ämnets spektrum, och genom
att titta på spektra kan vi lära oss oerhört mycket. Till exempel har vi lärt oss att vissa saker
består av enkla grundämnen, och andra saker består av komplexa kombinationer av massa
grundämnen, och på planeten HD 189733 b, som ligger 65 ljusår bort från jorden (långt från
vårt solsystem), där finns det vatten! Det vet vi, trots att ingen människa någonsing varit
där, för att ljus som interagerat med vatten där, sedan har färdats hela vägen till jorden, där
vi har kunnat se vattnets spektrum i ljuset.

Forskare har dessutom insett, att olika sorters ljus/materiainteraktioner har olika sanno-
likhet att äga rum, och att ljuset som utstrålas efter olika sorters interaktioner bär på olika
sorters information. T.ex. sker vissa interaktioner bara när materien interagerar med ljus av
en viss färg - d.v.s. en viss fotonenergi. För att studera egenskaper hos materia som bara
avslöjas genom väldigt ovanliga processer, och som bara sker vid interaktion med ljus av en
viss färg, så behövs väldigt ljusstarka och enfärgade ljuskällor. Här räcker det inte med van-
liga lampor. Inte ens solen lyser tillräckligt starkt, eftersom den skickar sitt ljus åt alla håll,
och det är allt annat än enfärgat. Lasrar är ett exempel på starka, enfärgade ljuskällor, som
gjort att forskare kunnat studera processer och materiaegenskaper som tidigare varit dolda
för människor. Men idag vill vi studera ännu mer sällsynta processer, vilket kräver ännu mer
specialiserade ljuskällor - så kallade synkrotroner. Synkrotroner är långt mer ljusstarka än
lasrar, och kan utrstråla oerhört många enfärgade fotoner på kort tid.

I Sverige har vi nyligen byggt en av de mest ljusstarka synkrotronerna i världen - MAX
IV, i Lund. Där planeras bl.a. att göras experiment på gaser, för att observera oerhört
sällsynta interaktioner, som kräver fantastiskt starkt och enfärgat ljus. På sin väg mot gasen
fokuseras ljuset, så att det blir riktigt ljusstarkt i en punkt - nämligen där gasen är. Ljuset
måste också passera ett tunnt fönster, som håller gasen instängd. Men eftersom ljuset är så
starkt precis där, så tror vi att fönstren kommer förstöras väldigt snabbt, och att sot kommer
samlas på fönstret nästan direkt, så att experimenten inte kan avslutas. För att förhindra
det så vill vi flytta fönstret en bit bort från provgasen, där ljuset inte är lika starkt. Men
hur kan vi göra det utan att provgasen följer efter, och lägger sig intill fönstret ändå? Det
är lite som att tänka sig att ta en sked och trycka undan kaffet i en kopp mot ena kanten,
för att sedan ta upp skeden, utan att kaffet far tillbaks till andra kanten igen. Det går
ju inte utan att sätta något i vägen för kaffet - och på samma sätt är det med gasen och
fönstret. Tanken här är att använda en annan gas, helium, för att skölja bort den provgas
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som vill lägga sig mot fönstret. För att undersöka om det går att göra på ett bra sätt, har jag
först använt datorprogram för att simulera gasflöden, och kommit fram till att det nog går.
Baserat på simuleringarna har jag sedan varit med och tagit fram en prototyp av en gascell
som jag hoppas ska kunna göra det jag vill. Sedan har jag använt ett särskilt mikroskop,
ett så kallat konfokalt Ramanmikroskop, för att kolla efter provgasens fingeravtryck, dess
spektrum, inuti cellen. Jag använde koldioxid som provgas, vilket är osynligt för blotta ögat,
men om Ramanmikroskopet visar ett starkt spektrum på ett visst ställe i cellen, så betyder
det att där finns mycket koldioxid, och om spektret är svagt finns där lite koldioxid. På så vis
kan vi se om flödet i cellen ser bra ut - alltså om provgasen har ett bra avstånd från fönstret.

Tyvärr visade det sig att det är svårt att hitta bra inställningar för gasflödet med endast
Ramanmikroskopet till hjälp, och att det skulle behövas ett kompletterande experiment. En
möjlig lösning för fortsatta undersökningar vore att använda en synlig provgas under ett
vanligt mikroskop. Så varför gjorde jag inte det till att börja med? Främst för att ett sådant
experiment inte är lika noggrannt som experimentet med Ramanmikroskopet. Men genom
att först använda ett sådant, lite mindre noggrannt experiment, för att sedan komplettera
med Ramanmikroskopet så kan det vara möjligt att hitta rätt inställningar för att få ett fint
gasflöde.

I den rapport som följer kan du läsa mer om utvecklingsarbetet med gascellen. Mycket
nöje!
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1 Background
Photons are perhaps the most significant exploratory tools for humans. In nearly all venues
of life we exploit the fact that interactions of light with matter allow photons to carry away
information about matter. By studying such photons we glean awareness of the world around
us. This is exemplified by our use of our eyes - while we can certainly use our other senses
to probe our surroundings, sight adds a vibrance that affects us, both body and mind. For
creatures with such an intuitive understanding of the importance of light-matter interactions,
it might be expected to be fairly unsurprising that there is an abundance of information yet
to be had from such interactions, that far surpasses even the richness that we perceive every
day. The reason why we would be hard-pressed to objectively predict such a thing, is that
the intricate nanoscopic structure of matter is quantum mechanical in nature. Quantum
processes easily hide from observers, because incoherent interference causes their effects to
average out on the macroscopic scale, so we are generally not aware of this weirdness of nature.
And while the light we see every day certainly reflects electronic behavior in matter, it rarely
allows us to tell a good model from a bad one. Such discrimination typically requires matter
to interact with light of very particular properties, and such light comes only from highly
specialized photon sources. The precise type of light needed depends on the experiment being
conducted, but suffice to say that fluorescent lights, for all their practical ingenuity, and even
the sun, in its blinding immensity, simply do not cut it.

One type of experiment that holds great allure for materials scientists is resonant inelastic
X-ray spectroscopy (RIXS), the reason being that it has the potential to provide a wealth
of knowledge about condensed matter and molecules [1]. In a molecular RIXS process, core
electrons are excited into valence or empty orbitals (resonance). The excitation is followed
by a relaxation in which the core hole is filled by a valence electron. This results in photon
emission with energy and momentum different from those of the incident X-ray photon (in-
elastic). The difference provides information about the valence excitation that constitutes
the final state, and in this way, both occupied and empty orbitals can be probed. Further,
since the core orbitals are atom-like, the method is in principle sensitive to element types
and chemical environments. RIXS events are very infrequent, however, so yielding a useful
number of RIXS photons in a reasonable amount of time, requires an immense number of
incident photons, with energy corresponding to a specific resonance. Solving this issue has
been the main obstacle in the development of the field of RIXS spectroscopy, but in the past
couple of decades, progress in the design and construction of synchrotrons and free electron
lasers has provided sufficient brilliance, and RIXS has become a viable experiment. Ironically,
as we will see, this progress comes with problems of its own.

Since RIXS experiments require a great amount of monochrome radiation (corresponding
to some resonance), in this context the synchrotron’s main figure of merit is brilliance, B = φ

ε
,

where φ is photon flux, defined as the number of useful photons emitted per unit time, and
the emittance, ε, is a measure of the size of the light source and the angular divergence of
emitted light. Since spectral purity is important, a photon is useful if it has a sufficiently small
relative deviation in frequency from the nominal value. Typically we require that ∆f

f
< 10−3,

and express the dimension of flux as [φ] = photons
s·(0.1 % BW)

, where BW denotes the frequency
bandwidth being considered. The dimension of emittance is [ε] = mm2 mrad2, which reflects
the light source’s spatial extension both horizontally and vertically, and ditto for the angular
divergence of emitted light (the solid angle is given in rad2 rather than srad, because the
horizontal and vertical angular divergences are treated separately). The overall dimension of
brilliance, then, is [B] = photons

s· mm2· mrad2·(0.1 % BW)
. While early synchrotrons, built in the 1940’s,
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were initially only intended for high-energy particle physics experiments, the electromagnetic
radiation that would invariably leak due to charge acceleration was eventually recognized as
a potent photon source with potential for materials research. Since then, three “generations”
of synchrotron designs, which utilize somewhat different technologies, have been widely and
successfully employed for that purpose - from the bending magnets of the 1st generation,
to the undulators of the 3rd generation. The undulator is essentially a series of bending
magnets of alternatingly opposite polarity placed in immediate succession, which causes a
passing electron beam to move in an undulating fashion. This gives rise to narrow spectral
peaks of immensely high photon flux; B > 1018 photons

s· mm2· mrad2·(0.1 % BW)
is not uncommon at 3rd

generation facilities [2, 3].
The latest development in synchrotron evolution does not primarily concern an increase in

photon flux, however, but a lowering of photon beam emittance. As an electron beam makes
its way through the synchrotron, it will invariably begin to dissociate, due to small differences
in electron velocity (speed and trajectory), and this aberration in turn causes aberration of
the emitted photon beam - to wit, an increase in emittance. In 3rd generation synchrotrons,
the standard countermeasure is to introduce magnetic achromatic lenses, “achromats”, in the
electron beam path, which lowers emittance by nudging rogue electrons back onto a common
trajectory. Typically only two (or sometimes three) magnetic dipoles are put in succession,
and then several such “double-bend” achromats are placed in the electron beam path, to form
a double-bend achromat lattice. At MAX IV in Lund, a multi-bend achromat lattice has
recently been pioneered, which consists of multi-bends of seven magnetic dipoles [4]. This feat
of engineering is widely recognized as the first 4th generation synchrotron, because it pushes
the limit of synchrotron capacity toward what is physically possible, the so-called “ultimate”
storage-ring, where performance is limited, not by instrumental constraints, but only by
unavoidable diffraction. Apart from increased stability, this new configuration promises to
deliver a brilliance of B > 1021 photons

s· mm2· mrad2·(0.1 % BW)
[5]. MAX IV is based on a 3 GeV

(electron energy) storage ring, for which Ref. [6] states that the generated photon beam
emittance is ε = εHεV ≈ 340 pm rad ·16 pm rad = 5.4 · 103 pm2rad2, where εH and εV are
the emittances in the horizontal and vertical directions, respectively. Or, conforming to the
units used previously, ε ≈ 5.4 ·10−9 mm2mrad2, corresponding to a photon flux of φ ≈ 5 ·1012

photons
s·(0.1 % BW)

.
At the VERITAS beamline at MAX IV, this unprecedented performance will be used for

high-resolution RIXS experiments on molecular gases, where the incident light is focused onto
a 5 µm · 1 µm (H ·V ) target. Then, using area, A = 5 µm2, a flux of 5·1012 photons

s·(0.1 % BW)
, at say

1 keV nominal photon energy, gives an intensity of I = ~ω·φ
A
≈ 1000 eV/photon·5·1012 photons/s

5·10−12 m2 ≈
8·10−4 W

5·10−12 m2 ≈ 2 · 108 W
m2 . So, is that a large number? By way of comparison, consider a typical

magnifying glass, with a magnifying power of 5. Here, the lens takes the solar intensity at
Earth’s surface, about 103 W

m2 at most, and focuses it into a spot of 1
25

times the original area,
at which the intensity then is 25 times greater, so about 2.5·104 W

m2 . Focusing sunlight with
a magnifying glass scorches many everyday materials. While this tendency depends on the
absorption cross-section - which, in principle, allows absorption to be minimized by proper
choice of material - if even 1 % of the light from our synchrotron is absorbed, the absorbed
intensity is 100 times greater than that of the material being scorched at the focus of the
magnifying glass (assuming it has 100 % absorbance).

This could be problematic; to get a high RIXS yield, a large sample concentration is
required at the beam focus, combined with as little concentration as possible outside of the
focus, to prevent radiation absorption outside of the focus. Optimally, the concentration
gradient has the shape of a step function, so we would like to maintain 1 atm of sample
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pressure at the interaction point, and ultra-high vacuum (UHV) outside. Thus, a gas cell
used to hold the sample must be capped by windows, which, at VERITAS, are 1 µm thick.
But if the sample gas is in direct contact with the window, the window becomes exposed
to the full intensity of the beam focus. This is expected to cause windows to break at an
unacceptable rate, and also to cause build-up of photochemical products on the windows. To
address these issues, a new gas cell design is called for.

The principle suggested here, is to introduce a distance between the sample gas and the
window (Fig. 1).

Figure 1: Cross-sectional sketch of the geometry that was finally produced within the project.
He and X-rays enter through separate boreholes, and sample gas enters through a needle.
The mixed gases exit the geometry via a third borehole. X-rays interact with the sample
gas at the borehole intersection, and re-emitted photons exit through the larger borehole, to
the left. This borehole is capped with a window, at a distance of 5 mm from the interaction
zone.

This is achieved by injecting a jet of sample gas into a larger volume within the cell, which
is capped by windows. Spectroscopy will be done on the flowing sample jet, which then
leaves the cell. The experiment may require the jet to maintain its structure for several days,
with a very sharp concentration gradient. But clearly diffusion will rapidly cause the jet to
dissociate, and occupy the full volume. In order to have the sample jet maintain a useful
shape at equilibrium, we attempt to flush away diffusing sample molecules with He, which is
fairly transparent to soft X-rays (Fig. 2).
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Figure 2: Theoretical transmission of soft X-rays in different lengths (2.5 mm, 5 mm and 10
mm) of He at 1 atm and 295 K [7].

To determine what length of He should be used, we note that 10 mm of He transmits about
90 % at the O K-edge (∼ 500 eV) and only 65 % at the C K-edge (∼ 300 eV). Since these
absorption edges are important resonances for RIXS on organic molecules, 10 mm of He is
deemed too much. 2.5 mm of He has much more favorable transmissions at these edges, but
increases the risk of build-up of photochemical products on the windows. As an acceptable
trade-off, 5 mm is chosen, with 80 % and 95 % transmission at 300 eV and 500 eV, respectively.

The minimum required diameter of the X-ray boreholes is determined by the photon beam
divergence, which at VERITAS is 40 mrad. Then, at a 5 mm distance from the 5 µm focus,
the beam diameter is 0.2 mm. For practical reasons, the borehole diameter is set to 1 mm.

To define a “sufficiently good” gradient, we note that for a 1 µm vertical focus, at a
40 mrad divergence, the vertical beam diameter at 100 µm from the focus is 4 µm. While
determining the impact of expanding the spot, which has a complex shape, involves ray-
tracing simulations, we decided to set 4 µm as the maximum tolerable value. Then, referring
to the concentration of an ideal gas at 293.15 K and 1 atm as CNTP ≈ 41.6 mol/m3 - where
NTP stands for normal temperature and pressure - the concentration gradient is considered
to be good enough if the concentration at the radial origin is greater than 0.9CNTP and falls
to below 0.1CNTP within 100 µm of the needle’s radial origin.

Simultaneously optimizing the concentration gradient and gas consumption, while avoid-
ing turbulence, is a matter of choosing a good internal cell geometry. It is, however, previously
unknown to us which geometries that might best support the present concept, while also be-
ing possible to manufacture. Rather than produce many expensive prototypes, I have used
finite element methods to simulate gas flows on various geometries, while keeping an eye on
the concentration profile, as well as gas consumption and Reynolds numbers. The commercial
software COMSOL was used for simulations. Once a geometry was settled on, an aluminum
prototype was produced within the Ångström laboratory workshop. The design includes an
injection needle, and a mechanism for its positioning within the cell, at ∼ 10 µm precision,
was developed by the group, including myself, and workshop staff.
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I made preliminary measurements of the concentration profile produced by the prototype
using a confocal Raman microscope. While a sample gas signal was observed, the sample
concentration appeared uniformly distributed. A good next step would be to visualize the
gas flow in real time - perhaps using visible gas - as this should be a more efficient way of
getting a rough estimate of what parameter space (flow rates and needle position), if any,
that supports a steep concentration gradient.

2 Theory
The relevant theory for this project consists of the equations governing gas dynamics, and
the solution methods to these rather complex equations, as well as the idea behind so-called
confocal Raman microscopy (CRM) - the technique used to characterize the live sample
gas concentration in the finished prototype. Calculationally, the problem at hand is called
a convection-diffusion problem, for the simple reason that gas concentration is determined
by convection, described by a velocity field, ~u, and diffusion, described by redistribution of
particles through random motion.

This section is divided into subsections, that cover Navier-Stokes equations for convection,
Fick’s equations of diffusion, the finite element method for finding solutions, and CRM,
respectively. My intention is not to burden the reader with the full rigor of formal derivations,
but to include some mathematics and conceptual reasoning, so as to provide an intuition for
what is going on. Where I have deemed important steps too cumbersome to include, more
exhaustive sources are referenced.

Continuum mechanics and the Navier-Stokes equations

In classical rigid body dynamics, Newton’s laws of motion are everything. They tell us
how momentum is conserved, and allow us to formulate differential equations of motion, the
solutions to which are complete, deterministic descriptions of the time evolution of a vast set
of mechanical systems. Typically, solving a problem involves reducing an object to its center
of mass, then drawing the acting forces in a free body diagram, followed by vector addition
and application of Newton’s second law. It is, however, notoriously impossible to find closed-
form solutions for systems involving more than two dynamically interacting bodies. If the
system, then, includes a set of point-like massive objects, numbering close to the order of
Avogadro’s number - as is common when considering gases - the typical procedure will not
avail us∗. Instead, modeling the system as a continuous mass density becomes an attractive
alternative. The viability of this option is, however, critically dependent on the ratio of the
particle mean-free-path, λ, to the characteristic scale, l, of the domain. This ratio is called
the Knudsen number, Kn = λ

l
, and it is typically safe to assume a continuum model for Kn <

10−2 [8]. Assuming that N2 can be treated as a Boltzmann gas at NTP, we have λ = kBT√
2πd2Mp

[9]. Then, using Boltzmann constant, kB = 1.38−23 J/K, temperature, T = 293 K, pressure,
p = 1 atm, and molecular diameter of N2, dM = 3.64 Å [10], we have λ < 10−7 m, which

∗One might consider simplifying the situation by saying that gas particles move independently of one
another, until an infinitesimal moment of impact, at which time momentum transfers instantaneously. While
this makes it principally possible to use Newton’s laws, since there will never be more than two interacting
bodies at a given time, it is strictly not accurate, and for gases, the vast number of moving bodies still makes
it impractical.
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means that flow through a needle with diameter 10−4 m should be safe, and we assume
that a continuum model works on the entire domain. There is another concern that might
arise, however, regarding differentiability of dependent variables. Let us derive the governing
equations of continuum dynamics, the Navier-Stokes equations (NSEs), to see why. These are
three equations that describe the conservation of mass, momentum and energy, respectively.

The Reynolds Transport Theorem and Conservation of Mass

Say we want to examine the change of the total amount of an intensive quantity, L, which
may be either scalar or vector valued, on an arbitrary volume Ω, with boundary ∂Ω. Then
the time rate of change of he total amount is given by the total flow of L across ∂Ω and the
total creation/disappearance of L on Ω. In mathematical terms:

d

dt

∫
Ω

L dV = −
∫
∂Ω

L ~u · ~n dA−
∫
Ω

SL dV (1)

where dV and dA are a volume element and an area element of Ω and ∂Ω, respectively; ~n
and SL are a normal vector to ∂Ω and a sink term of L, respectively; ~u is the velocity field
on Ω.

Assuming that Ω is independent of t, Leibniz’s rule allows us to move the time-derivative
inside the integral on the left-most term. Then, using the divergence theorem for the first
term on the right-hand side (RHS), and moving everything to the left, Eq. (1) becomes∫

Ω

(
dL

dt
+∇ · (L~u) + SL

)
dV = 0 (2)

Since Ω is unspecified, the integrand itself must be zero, i.e.,

dL

dt
+∇ · (L~u) + SL = 0 (3)

Eq. (3) is a formulation of the Reynolds transport theorem. If we specify L as the mass
density, ρ, and assume that there are no sources of mass on Ω, we get

dρ

dt
+∇ · (ρ~u) = 0 (4)

Eq. (4) is one of the NSEs, namely the one describing mass conservation [11]; a change in
density must result in a divergence of momentum density, ρ~u. Eq. (4) is often referred to
simply as the continuity equation.

The Material Derivative and Conservation of Momentum

Next, we demonstrate conservation of momentum in fluid dynamics. To this end, we first
introduce the concept of the material derivative. Let us again consider some intensive prop-
erty L on the domain Ω. In order the characterize L on all of Ω, let us follow an un-
specified element of volume, dVi (which we can think of as particle i) along its trajectory
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~ri = (xi(t), yi(t), zi(t), t), and see what happens (time-dependence of ~ri can be due to turbu-
lence, or an accelerating reference frame). Then Li = Li(~ri(t), t), and the velocity of particle
i is ~ui = dri

dt
. By applying the chain rule, the time evolution of Li is found to be

dLi
dt

=
∂Li
∂t

+
∂Li
∂xi

dxi
dt

+
∂Li
∂yi

dyi
dt

+
∂Li
∂zi

dzi
dt

(5)

which can be written more compactly as

dL

dt
=
∂L

∂t
+ ~u · ∇L (6)

where the subscript, i, was dropped, since we didn’t make any further specifications of the
particle along the way, and we can simply state that, for the intensive property L, Eq. (6)
holds for all points in Ω, given the velocity field, ~u. We refer to Eq. (6) as the material
derivative of L [8], and the conventional notation is displayed in Eq. (7).

D

Dt
=

∂

∂t
+ ~u · ∇ (7)

Note that the dot-product is not to be interpreted as a divergence, but rather as the directional
derivative along the streamlines of the velocity field.

Now, while keeping Eq. (7) in mind, we look back to Eq. (3), and substitute the momen-
tum density, ρ~u for L. We get:

∂

∂t
(ρ~u) +∇ · (ρ~u~u) = ~Sρ~u (8)

where the sign of the sink/source is absorbed by ~Sρ~u, as it does not affect the mathematics.
Clearly, this equation is more complicated than the continuity equation, due to the appear-
ance of a vector multiplication, which yields a second degree tensor called a dyad. Rather
than delve into the intricacies of tensor calculus, I will simply refer the interested reader to
Ref. [12], or spare you the effort by stating the relevant excerpt here; the following identity
holds for the divergence of a dyad: ∇ · (~a~b) = (∇ · ~a)~b + ~a∇ · ~b, given vectors ~a,~b. Thus,
this quantity is a vector, which is reassuring, given the form of the other terms of Eq. (8).
Applying this rule, as well as chain rules for both terms on the left-hand side (LHS) of Eq.
(8), we get

ρ
∂~u

∂t
+ ~u

∂ρ

∂t
+ ~u~u∇ρ+ ρ(∇ · ~u)~u+ ρ~u∇ · ~u = ~Sρ~u

⇐⇒ ~u

(
∂ρ

∂t
+ ~u · ∇ρ+ ρ∇ · ~u

)
+ ρ

(
∂~u

∂t
+ (∇ · ~u)~u

)
= ~Sρ~u

(9)

Note that by the chain rule, ~u · ∇ρ+ ρ∇ · ~u = ∇ · (ρ~u), but by Eq. (4), ∂ρ
∂t

+∇ · (ρ~u) = 0, so
we are left with

ρ
D~u

Dt
= ~Sρ~u (10)
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where Eq. (7) was used for the second term in the last line of Eq. (9). The derivation
so far has been fairly general, and figuring out the source term requires some constitutive
reasoning. We can note that Eq. (10) is reminiscent of Cauchy’s equation for momentum
transport in continua. Drawing on Cauchy’s contributions, then, we assume a source field
~Sρ~u = ∇ · σ̃+ ~F , where σ̃ is the stress tensor - in our case represented by a 3× 3 matrix, the
reason for which will be made clear shortly - and the vector ~F represents body forces, which
could be gravity. Quite satisfyingly, Eq. (10) then becomes intuitively similar to Newton’s
second law of motion (N2), and we will see that making reasonable constitutive assumptions
about the form of σ̃ makes it even more so.

If we consider a control box of infinitesimal volume on Ω, then the diagonal elements of σ̃
represent stress normal to the surfaces of the box. An important contributor to the diagonal
then, is the mechanical pressure, p, which is the only stress present in a fluid that is at rest
in some inertial reference frame. The diagonal also accounts for viscous stress though, as do
the off-diagonal elements, which represent shear stress. Viscous stress is present whenever
a fluid undergoes internal motion, because moving particles tend to “drag” other particles
along. Because pressure represents an inherently different kind of stress, and because we are
particularly interested in calculating it - our goal, after all, is to find a concentration gradient
- we separate it from the viscous contributions: σ̃ = −pĨ + τ̃ , where Ĩ is the unit matrix of
order 3, and τ̃ is a second order tensor (here, a 3×3-matrix) that accounts for viscous stress.
To find a constitutive relation for τ̃ , we assume our fluid is Newtonian, so that the stress is
proportional the the spatial deformation rate, hand-wavingly: τ ∝ du

dx
, where x represents

any one of the spatial dimensions. A derivation of the proper expression for the deformation
of a three-dimensional volume element due to internal dynamics is somewhat involved, and
so is excluded here for expediency, but the interested reader is referred to e.g., Ref [13], for
all considerations of σ̃ treated here. In any event, the viscous stress tensor element generally
agreed upon has the form

τij = µ

(
∂ui
∂xj

+
∂uj
∂xi
− 2

3
δij
∂uk
∂xk

)
(11)

where the constant of proportionality, µ, is the dynamic viscosity, the first two terms are
off-diagonal and represent purely isochoric shear-deformation, whereas the subtracted term
is diagonal (anything off-diagonal is killed by the Kronecker-δ) and represents surface-normal
deformation, i.e., expansion or compression due to viscous effects. Qualitatively we are
looking at the sum of the velocity Jacobian and its transpose, minus the velocity divergence,
where we can include all elements by writing

τ̃ = µ
(
∇~u+ (∇~u)T)− 2

3
µ(∇ · ~u)Ĩ (12)

This concludes our work for the conservation of momentum, and we can sum up what we
have derived in an equation that has precisely the form used in COMSOL [14]:

ρ
D~u

Dt
= ∇ ·

[
− pĨ + µ

(
∇~u+ (∇~u)T)− 2

3
µ(∇ · ~u)Ĩ

]
+ ~F (13)

Let us take a moment to reiterate the role of each term so as to solidify our intuition for this
rather intimidating-looking equation. Again, Eq. (13) is qualitatively similar to N2, written
on the form m~a = ~f , except we are working with the momentum density change at each
point of a continuum undergoing internal motion. The LHS, which gives the density times
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the material derivative of velocity, is then analogous to the m~a-side of N2, and is commonly
referred to as the inertial term. On the RHS, which is then analogous to the ~f -side of N2, are
those terms that drive the dynamics; the first term −∇· (pĨ) = −∇p, states that momentum
density changes in the presence of a pressure gradient. The second, more strange-looking,
term on the RHS states that because of fluid viscosity, momentum density changes when
the velocity field varies in space. It has been separated from surface-normal effects so as to
account only for (isochoric) shear effects, and this term is responsible for any turbulence that
might occur. The third term on the RHS states that momentum density can also change
when the velocity field diverges - i.e., surface-normal velocity change - which is equivalent
to a volumetric distortion. This effect is not associated with the pressure gradient, but is
caused by viscosity. The last term on the RHS, ~F represents so-called body forces, that are
not caused by internal dynamics, and that act collectively on the entire system, e.g., gravity,
in which case we would have ~F = ρ~g, with ~g the acceleration due to gravity.

Conservation of Energy

Finally, we also need an equation for the conservation of energy. This equation must obey
the first law of thermodynamics: ∆U = W − Q, i.e., the change in energy, ∆U is equal to
added heat, Q, minus the work, W , done by the system. If we examine the transport of
total energy density, then the Reynolds transport theorem (Eq. (3) on page 6), gives us a
framework for ∆U , namely

∆U =
∂

∂t

[
ρ

(
e+

1

2
~u2

)]
+∇ ·

[
ρ~u

(
e+

1

2
~u2

)]

where e is the internal energy per unit mass. The heat added to an element of volume is the
net heat flux: Q = −∇ · ~q, and the work done is given by the stress tensor, σ̃, and body
forces, ~F , as −W = ∇ · (σ̃ · ~u) + ρ~u · ~F . Here, σ̃ = −pĨ + τ̃ , as before [15]. With some
algebraic manipulation, it can be shown that the resulting equation

∂

∂t

[
ρ

(
e+

1

2
~u2

)]
+∇ ·

[
ρ~u

(
e+

1

2
~u2

)]
= −∇ · ~q +∇ · (σ̃ · ~u) + ρ~u · ~F (14)

is at its core simply the dot-product of the momentum equation with the velocity, ~u [15],
which makes quite a bit of intuitive sense. Making certain assumptions, Eq. (14) can be
rewritten as a temperature equation:

ρCp
∂T

∂t
+ ρCp~u · ∇T +∇ · ~q = Q

~q = −k∇T
(15)

where Cp is the heat capacity at constant pressure, T is temperature, k is the heat conductiv-
ity and Q is a heat source term. The statement here is that Cpρ times the material derivative
of T is balanced by heat flux and a heat source. The assumptions made to go from Eq. (14)
to Eq. (15) are e = e(T ); the ideal gas law applies; pressure does not change appreciably
on Ω; Ma < 1; there is insignificant viscous heating, and heat transport follows Fourier’s
heat-transfer law [15].
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I would like to make some final remarks on the NSEs; while Eq. (13) is perhaps the most
(in)famous of the equations examined here, even to the point where it is often referred to as
the Navier-Stokes equation, the fact is that all of Eqs. (4,13,15) are required to paint a decent
picture of fluid dynamics in the continuum model. Important exceptions to this statement
often emerge in the form of well-motivated approximations, however, which greatly simplify
calculations, as we will be seen in sections below.

Diffusion

Even in the absence of a convective field, an initial distribution of molecules suspended in a
different set of carrier molecules will change in time, which is important to us, as we intend to
inject one gas into a different one. This familiar phenomenon, diffusion, is well described by
the kinetic theory of gases, as discussed in e.g., Ref. [16] (there, specifically in the context of
a liquid carrier, however). There, the assumption of Brownian (random) motion of particles
is shown to lead to Fick’s second law of diffusion

∂C

∂t
= D∇2C (16)

where C is the concentration of solute and D is the diffusion coefficient. This can also be
thought of as an expression of continuity, under the assumption of Fick’s first law [17]

~N = −D∇C (17)

which states that the particle flux per unit area and time, ~N , is proportional to the concen-
tration gradient, and occurs in the direction of lower concentration. The rationale here is
that even though the motion of individual solute particles is random, the total particle flux
due to random motion (consisting of both solvent and solute motion) in each direction along
one dimension, is equal. Thus, if one region contains a greater fraction of solute molecules,
there will be a net flux of solute in the direction of lower solute concentration, in a way that
is deterministically predicted by Fick’s laws of diffusion, Eqs. (16, 17).

In the presence of a convective field, ~u, the time derivative in Eq. (16) generalizes to the
material derivative, and if we also consider the possibility of a source term, R, we get the
form of Fick’s second law used in COMSOL [18]:

∂C

∂t
+∇ · (−D∇C) + ~u · ∇C = R (18)

This is simply because Fick’s first law obviously becomes

~N = −D∇C + ~uC (19)

You may notice the similarity between Eqs. (18, 19) and the temperature Eqs. (15). This
reflects the fact that diffusion of heat and particles follow the same principles, and Fick, in
fact, derived his equations in analogy with the pre-existing model of heat transfer [17].

Finally, I reiterate the earlier statement about the importance of differentiability of depen-
dent variables. While this was perhaps not very surprising to begin with, it has been made
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very clear through the examination of the governing equations for fluid dynamics, which are
all on differential form. Because we are looking to create a sharp concentration gradient, this
is potentially troublesome, and ironically casts doubt on any promising results we might find
- but as we will see, this problem is manageable.

Assumptions about Laminarity and Compressibility

Whether convection is laminar or turbulent can usually be predicted by the Reynolds number,
Re = ρuavl

µ
, where ρ is the fluid density, uav is the average speed, l is the characteristic

dimension of the system, and µ is the dynamic viscosity. As such, Re is often thought of as
the ratio between inertial and viscous effects, so that if the inertial effects are greater than
the viscous ones in such a way that Re < 2000, it is usually safe to assume laminar flow [8].

Figure 3: A cross-section of the final gas cell geometry. Grey sections are aluminum, and the
cell itself is a cube with a side of 1 cm. The highlighted, blue sections are 1: borehole for
incident X-rays (1 mm diameter), 2: borehole for He flow (1 mm diameter), with openings
at the bottom (inflow) and top (outflow) of the cell, 3: borehole for outgoing light (4 mm
diameter), and 4: needle for sample gas inflow (0.1 mm (0.2 mm) inner (outer) diameter).
Incident X-rays interact with sample gas near the point where the needle enters the He flow
borehole. Development of the geometry is outlined in Section 3.

On our geometry, we assume laminar flow, because acceptable concentration profiles are found
for maximum speeds < 120 m/s inside the needle, and ∼ 5 m/s in the bore-holes. In the
needle, this corresponds to a Reynolds number of at most Re = ρuavl

µ
= 1.3 kg/m3·60 m/s·10−4 m

10−5 Pa s =
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800, where ρ is the density of N2 at NTP, uav is the average speed inside the needle (in pipe-
flow, the velocity profile is parabolic, thus the average speed is half the maximum speed [8]),
l is the needle diameter, µ is the dynamic viscosity of N2 at NTP. Note that all numbers
apart from l have been adjusted to give a larger Reynolds number, so that the actual number
should be smaller. For He, in the bore-holes we get Re ≈ 0.2 kg/m3·2.5 m/s·10−3 m

2·10−5 Pa s ≈ 25.
As for compressibility, we must in general consider thermodynamic effects. While viscous

volumetric changes depend on spatial variations in velocity (Eq. (13) on page 8), thermody-
namics predicts another source of compression that depends directly on the speed. Specifi-
cally, this compression depends on the Mach number Ma = |~u|

c
, where ~u is the velocity field,

and c is the speed of sound in the medium. For Ma < 0.3, the change in density of a gas is
less than 5 % [19, 20], and since density drives the velocity field, this is often taken as a limit
for the ability to ignore speed-induced changes in density, and still yield reliable solutions.
A speed of 120 m/s and c = 350 m/s gives Ma = 0.34 for N2 at NTP, which is slightly above
this limit. Since the exceedance is fairly small and occurs only on a very small sub-domain
(component 4 in Fig. 3), this is probably not disastrous and it remains reasonable to use less
refined testing of various conditions. This source of error should be kept in mind, however,
and it is in fact Eqs. (15) that are needed to counter the thermodynamic discrepancy.

What about other gases? Assuming that the speed of sound goes as c ∝ 1√
WM

, where
WM is the molar mass, the upper velocities for which thermodynamic effects may be ignored
are, for CO2 and SF6, for example, about 80 m/s and 45 m/s, respectively. Investigating
the validity of the current approach, with respect to molecular weight is hampered, however,
by the fact that for the used software, material properties, such as mass density, have to be
assigned to sub-domains of the geometry in advance, and the density does not adapt when
gases mix. Thus, the sample gas takes on the material properties of He when it enters the
He flow borehole. This is, of course, a problem for the calculations with N2 as well since, at
the very least, He consumption is likely underestimated.

Finite Element Methods

The task of solving partial differential equations (PDEs) can be arduous. In fact, for most sets
of geometries and boundary conditions (BCs) most PDEs lack analytical solutions altogether.
Nevertheless, mathematical descriptions of nature typically take the form of PDEs, so their
solutions are highly important in most venues of physics. Thus, we often find ourselves
searching for sufficiently good approximations of the actual solution to a PDE problem (the
combination of a PDE, BCs and a geometry will be referred to as a "PDE problem", and the
combination of BCs and geometry alone as the “conditions” of the problem). In some cases,
the conditions are such that they can be comfortably approximated by nicer conditions,
so that the analytical solution to a new problem, defined by the nicer conditions, serves
as a good approximation of the solution to the original problem, e.g., the wave function
describing the ripples on the surface of a nearly circular pond, might be well approximated
by the corresponding wave function on a perfectly circular pond. For a good set of practical
applications, however, that is not the case. Enter the numerical approximation.

For what follows, the reader is assumed to have received a previous introduction to the
fundamental concepts of numerical methods, so only a brief review is given in preparation
for the specifics of finite element methods (FEMs). Even when discussing FEMs, some of
the finer points will be left out and explanations only hand-waving, so as to avoid cluttering
the text with the full rigor of computational science, which is anyway not the point in this
context. Here, I only wish to provide the reader with a qualitative intuition for the method,
lest we loose track. See e.g., Refs. [21, 22] for further treatment.
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The idea is to substitute a set of approximate equations for the PDE to be solved. These
substitute equations are strictly speaking not PDEs at all, but ones that can be solved using
only arithmetic operations, in place of the differential operations encountered in calculus,
which are needed in the analytical treatment of PDEs. Making such a substitution is referred
to as discretizing the equation, for the simple reason that the domain is simultaneously limited
to a discrete subset of itself. When solving ordinary differential equations (ODE’s), a so-called
finite-difference approximation can be used, e.g.,

dy

dx
= lim

∆x→0

∆y

∆x
≈ ∆y

∆x
(20)

where y is the dependent variable to be solved for, and x is the independent variable upon
which y depends. Providing an initial value, y0(x0) then generates each consecutive value
yi(xi). This approximation, which yields Euler’s method, holds for sufficiently small steps,
∆x, and other approximations may lead to more sophisticated methods, such as the various
Runge-Kutta methods. While the small step-length required for good solutions makes dry
execution impractical, the switch from infinitesimal differences to finite steps has the major
benefit of yielding equations that are manageable by computers.

FEMs also achieve computer-friendly problems through discretization, but has a different
approach for finding the solution. The theoretical foundation of FEMs is that of so-called
Galerkin methods (GMs), named after mathematician Boris Galerkin, for his contributions
to the method in the context of mechanical engineering. Here, variational calculus is used
to find the best solution to a differential equation (DE), from a given set, V , of functions,
v(x) ∈ V . To begin to understand how this happens, we recall some basic concepts of linear
algebra. Say we have a vector ~x, that lies in a discrete vector space S, which is spanned by an
orthonormal set of vectors, {~sj}nj=1, and that is equipped with the Euclidian inner product
〈~a,~b〉 = a1b1 + ... + anbn, where n = dim(S). Then ~x = ~0 ⇔ 〈~x,~si〉 = 0 ∀ ~si ∈ S. This
“definition” of a zero-vector can be generalized to a space of functions and used to solve a
DE.

Say we want to solve a DE f(u) = g(u′, u′′), to find u(x) on some domain Ω. We define
the error function R(f, g) = f(u) − g(u′, u′′). Clearly, if u is plugged in, we have R = 0.
Now suppose we look for the solution in the topologically dense function space V , which is
equipped with the inner product 〈p(x), q(x)〉 =

∫
Ω

pq dx and contains a suitable set of real-

valued functions v(x), defined on Ω, such that 〈v, v〉 < ∞ ∀ v ∈ V . If u is in V , then by
varying the argument of R until R is orthogonal to all functions in V , i.e., 〈R, v〉 = 0 ∀ v ∈ V ,
we receive the exact solution to the DE. The application of such an orthogonality condition to
find u is the core of a GM. So far, however, we still do not have a computer-friendly problem.

Suppose our DE lacks an analytical solution. Then analytical methods, including the
variational method described above, are of no use to us. Instead, we look for an approximate
solution U in a countably infinite subset of V , namely Vh ⊂ V . When using FEMs, Vh will
typically consist of all piece-wise linear continuous functions, that satisfy the BCs posed by
the problem, and is spanned by the so-called hat-functions {φ̂j}mj=1, where m = dim(Vh). The
dimension of Vh, and the exact appearance of the hat functions are defined by a partition of
Ω into a discrete mesh (commonly called a triangulation, τh, due to the typical appearance
in higher dimensions) consisting of a finite set of points xi ∈ Ω, such that φ̂i(xi) = 1 and
φ̂i(xi−1) = φ̂i(xi+1) = 0 and φ̂i = 0 at all other mesh points - we say that the hat-functions
have local support. An example of a function in Vh as well as some hat-functions are displayed
in Fig. 4.
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Figure 4: Three functions are displayed - the function u ∈ V and its graph in blue; the
function U ∈ Vh ⊂ V and its graph in red; the hat-functions, φ̂i, and their respective graphs
in black. Because U ∈ Vh, which is spanned by the hat-functions, U can be expressed as
a linear combination of hat-functions. Dashed lines are drawn from the x−axis to U to
highlight that the kinks in U coincide with the mesh points, which are not equidistant, but
denser where u changes more rapidly.

The mesh points of τh need not be equidistant, but can be chosen arbitrarily to minimize R -
e.g., it is typically advantageous to let the mesh be dense on regions where the solution varies
rapidly, i.e., where U ′ is large, and in general, accuracy improves with mesh density. Such
important properties of the solution are of course not known in advance, but can often be
usefully estimated based on the appearance of Ω and rough initial estimates of the solution.
In practice, algorithms are built to weigh solution accuracy against computational efficiency
to generate a mesh automatically, and only fine-tuning is done by hand, if necessary.

In terms of our basis functions then, U =
∑
i

ciφ̂i, where the coordinates ci = U(xi) are

to be found. The task now is to find U in Vh, such that
∫
Ω

(f(U) − g(U ′, U ′′)) v dx = 0, for

all functions v(x) ∈ Vh and such that the boundary conditions are satisfied. This means
that we no longer demand that the residual be zero, but merely that R(U) ⊥ Vh, so that
it has a zero projection onto Vh. This change reflects the fact that R cannot be zero, since
u /∈ Vh. The problem is now nearly computer-friendly, but for the fact that we apparently
need to perform infinitely many orthogonalizations. Note, however, that most of these are
mutually equivalent, and the only unique integrals are defined by letting the functions v be
the hat functions. The functions that end up being used for orthogonalization are referred
to as test functions. We are left with a system of equations of order m = dim(Vh), but there
is a problem; for our choice of basis functions, U ′′ is not well defined. The same is true of
U ′, but since we are only interested in its integral, that is fine. But U ′′ is zero at all points
except at the kinks of U , where it is infinite, making integration dubious. This problem is
cured by transferring one derivative from U ′′ onto the test functions through integration by
parts:

∫
Ω

U ′′φ̂ = U ′φ̂|∂Ω −
∫
Ω

U ′φ̂′, at the expense of introducing the boundary term, which

may, or may not, be determined by the BCs. Some examples of how to deal with this issue
can be found in Ref. [21].

While the formulation 〈R(U), φ̂〉Ω = 0 (now a matrix equation) provides an intuitive
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understanding of the basic principle used in FEM, it is not very useful in practice. Instead,
we re-order terms to write, equivalently, 〈AU, φ̂〉 = 〈α, φ̂〉, where A is a differential operator,
represented by an m-dimensional square matrix, and α contains all other functions on Ω
that might appear in the DE. Due to the origins of GMs in mechanical engineering, we call
A and α the stiffness-matrix, and the load-vector, respectively. I reiterate, that the exact
appearance of the equation varies with the type of problem, where important properties are
e.g., the order of the DE (integration by parts generally gives boundary terms) and BCs
(determines choice of test functions). Once the integrals have been calculated, using some
quadrature rule, to find A and α, the problem is solved by inverting A. A problem that
could occur here is A being nearly singular. The key to avoiding that issue is choosing basis
functions with little overlap, e.g., the hat-functions, which have only local support. If one
chooses the globally supported set of polynomials, {xi}, on the other hand, then high-order
terms will yield very similar integrals, so that high-index rows of A are very similar, resulting
in near-singularity. But since FEMs use hat-functions, A is typically invertible.

Other important topics in the context of FEMs concern solution stability and error anal-
ysis. In order to avoid long and winding technical detours, I will only make a couple of brief
remarks. The simulations performed here are based on a stationary convection-diffusion
problem. When convection is dominant, which I actively strive to achieve, these problems
are called hyperbolic (as opposed to diffusion dominated problems, which are called elliptic),
in reference to the interplay of mechanical energies that determines Newton’s planetary or-
bits. It turns out that FEMs, as described so far, yield unstable, oscillating, solutions for
hyperbolic problems. In particular, it can be shown that oscillations occur if the so-called
Péclet number, Pe = |~u|h

2ε
> 1, where ~u, h and ε are the convective velocity, mesh element

size and diffusion coefficient, respectively [23]. In our case we have ε ∼ 10−5 m2/s across
the entire domain. Inside the needle we have |~u| ∼ 100 m/s, h ∼ 1 µm, and outside the
needle we have |~u| ∼ 1 m/s, h ∼ 35 µm. These element sizes already yield ∼ 105 elements,
and merely halving h changes the calculation time from minutes to hours, so h cannot be
smaller for practical reasons, and we end up with Pe » 1 across the domain, which implies the
need for a stabilizing procedure in order for hyperbolic FEM simulations to be meaningful.
The addition of artificial diffusion (effectively rendering the problem less hyperbolic), in a
way that adapts to the residual of the solution at each mesh point resolves this issue, at the
expense of accuracy, and this practice is generally accepted as yielding stable and reliable
solutions in many practical applications.

While COMSOL contains built-in error analysis for residual calculation used to find a
solution, I will only comment on the manual analysis done “by hand”. Essentially, two things
were done to check solution behavior; changes in solution were checked with respect to changes
in mesh element size, to ensure that there is convergence, as is required of a good solution,
and solutions were calculated for conditions with known analytical solutions, to see that the
software at least performs accurately in that context. While good outcomes of these tests do
not ensure accurate solutions, they are at least somewhat reassuring.

Confocal Raman Microscopy

CRM combines Raman spectroscopy with confocal microscopy to produce a Raman spectrum
with spatial resolution.
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Raman spectroscopy

This description of Raman spectroscopy is base on Ref. [24]. Using Raman spectroscopy, the
unique vibrational spectrum of a molecule can be used as a fingerprint to identify its presence
in a sample. The spectrum is produced due to so-called Raman scattering, in which incident
light scatters inelastically off the molecule via a short-lived virtual state, which is determined
by the photon energy. The final state of the molecule is a different vibrational state on the
same electronic potential, and the energy of the outgoing photon is different to that of the
incident photon by the amount corresponding to the energy difference of the initial and final
vibrational states. Three types of scattering can occur (Fig. 5).

Figure 5: Three types of Raman scattering. Left: Stokes scattering happens when light in-
teracts with a molecule such that the final state of the molecule (ν = b > a) is vibrationally
excited relative to the initial state (ν = a). Middle: Rayleigh scattering happens when the
electron polarization is not associated with nuclear motion, so that the final and initial vibra-
tional states are identical. Right: anti-Stokes scattering happens when then final vibrational
state is at a lower energy than the initial state. In all three cases, the transient virtual state
is determined by the energy of the incident photon, and the energy difference between the
incident and outgoing photons is determined by the energy difference of the final and initial
vibrational states of the molecule.

Firstly, the final and initial vibrational states can be identical, in which case the scattering is
elastic. In the context of Raman spectroscopy, this is referred to as Rayleigh scattering, and
is by far the most common. Here, the system of electrons undergoes collective perturbation
into a state of higher energy, without nuclear motion. A fraction of less than 10−6 of photons
scatter inelastically. In such a case, the outgoing photon will depart with either less or more
energy than the incident photon, referred to as Stokes and anti-Stokes scattering, respectively.
Here, the electronic polarization is associated with nuclear motion, such that the final state is
a vibrational excitation. For all three cases, it can be noted that the light-matter interaction
is not an absorption-emission process, since no individual electron is excited into a new
eigenstate of the Hamiltonian. But rather, there is a collective motion of all electrons, a
polarization, and thus the interaction is better thought of as a scattering event.
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Since the energy of the outgoing photon depends on that of the incident photon, a vi-
brational spectrum can only be observed if all the incident photons are of the same energy.
Further, since inelastic scattering is rare, many monochrome photons are required. Thus
a laser is typically used, and the Rayleigh line is defined as the origin, (k = 0 cm−1), on
the wavenumber line. Then the positions of the peaks correspond precisely to the energy
difference between the final and initial states.

At room temperature, most molecules in the electronic ground-state (GS), are in the
vibrational GS, as determined by the Boltzmann distribution. As such, the Stokes spectrum is
usually more prominent than the anti-Stokes spectrum, as are peaks involving GS transitions.
Therefore, only the Stokes spectrum was collected in this study.

Confocal Microscopy

While Raman spectroscopy allows us to collect characteristic vibrational spectra of species
present in the sample, the signal is a histogram of interactions observed throughout all
the illuminated volume, assuming the emitted photons can reach the detector. Thus, Ra-
man spectroscopy has no inherent spatial resolution, and cannot be used on its own to
determine spatial concentration variations†. Confocal microscopy can be added to a Raman
spectroscopy-scheme, to illuminate and gather photons from only a limited subspace of the
total volume (Fig. 6).

†The signal from a laser passing through a sample represents the integrated sample density along the laser
path, and as such, differences in concentration along different paths will in general show up as differences in
the integral, and in that sense, spatial variations may be detected using only Raman spectroscopy. However,
the internal structure of the distribution, which is of interest to us, remains invisible.
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Figure 6: Schematic illustration of a confocal Raman microscope. Laser light (blue) passes
through expanding optics, and is reflected off a dichroic mirror, which selectively reflects the
laser frequency, onto an objective that focuses the laser light into a tight point on the target.
Scattered light, headed back towards the detector, passes the dichroic mirror and a notch
filter that does away with the remaining Rayleigh line. A focusing lense then focuses light
on a pinhole, beyond which is the detecting equipment, such as a grating and a CCD. Note
that the red lines, representing imaginary light scattered at a point on some reference plane
below (we might just as well drawn it above) the target plane, is rejected by the pinhole.
This is what provides spatial resolution.

Here, a laser beam is focused onto the sample, and a pinhole is used to ensure that light
from other points on the focus plane or from other depths (cf. the red lines originating from
the reference plane in Fig. 6) is rejected. This provides spatial resolution. Then by varying
the “point” of illumination, spatial concentration variations can be mapped. For this study
a Renishaw inVia confocal Raman microscope was used, which collects spectra from a spot
of only a few µm.

3 Problem Setup in COMSOL
This section deals with the implementation of equations derived in Section 2. COMSOL
contains a set of “modules”, that can be combined in a number of ways, to solve so-called
multi-physics problems, which are physically complex problems in the sense that different
principles are involved. Convection-diffusion problems are multi-physics problems, because
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they combine convection of quantities with diffusion, where the former requires us to solve
the NSEs to find the velocity field, ~u and the pressure, p, while the latter requires us to
simultaneously solve Fick’s equations, where the NSE output is used as input. Here, two
modules are used - the Laminar Flow module, and the Transport of Diluted Species module.
Both are discussed below, as are geometries.

Laminar Flow Module

The Laminar Flow module (LFm) solves NSE under the assumption of laminar flow and Mach

Figure 7: Excerpt from LFm in COM-
SOL interface. We search for a sta-
tionary solution, i.e., laminar flow at
equilibrium. We allow for viscous com-
pressibility, but not thermodynamic
(Ma < 3). Ambient temperature and
pressure are given to reflect the in-
tended experimental conditions. The
force of gravity has been neglected, and
no turbulence model is included.

number Ma = |~u|
c
< 0.3, where ~u and c are the con-

vection velocity field and the speed of sound in the
medium, respectively. This choice of modules is sup-
ported well by the arguments presented in Section
2.

In the COMSOL interface, the application of
these assumptions looks as in Fig. 7. Two equa-
tions are displayed, and these are in fact the NSE
equations for conservation of momentum and mass,
respectively. Note the difference from these to Eqs.
(4, 13); there are no time-derivatives, which is of
course due to the inherent time-invariance of the de-
pendent variables under laminar conditions at equi-
librium. The viscous volumetric term remains in
the momentum equation, however, and the den-
sity is not pulled outside the divergence operator
in the mass equation, which reflects the fact that
we allow for viscous compression. Note, that if
we had assumed complete incompressibility, which
would have been reasonable for many liquids, the
viscous volumetric term would have vanished, and
the mass conservation equation would just have read
∇ · ~u = 0. More strikingly, Eqs. (15) are not in-
cluded at all. This is due to the assumption of low
Ma, which allows us to ignore thermodynamic ef-
fects entirely, and simply assume a single ambient
temperature.

Let us make a brief test, to see that this module
behaves properly under analytically treatable con-
ditions. Poiseuille’s law, which can itself be derived
from the NSEs, states that for laminar flow through
a circular pipe, we have

dV

dt
=

∆pπR4

8µd

where dV
dt

is the volume flow per unit time, through a pipe of length d, ∆p is the pressure
fall over the distance d, R is the radius, and µ is the dynamic viscosity. It can also be shown
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that the speed profile, v(r), is given by

v(r) = −∆p(R2 − r2)

4µd

where r is the radial distance from the center. The minus sign ensures that the velocity is
in the direction of lower pressure. From this we can also deduce that the maximum speed,
vmax, occurs at the center of the pipe, and is given by

vmax = −∆pR2

4µd

Let us examine flow of N2 (µ ≈ 1.76 · 10−5 Pa s) through a pipe of dimensions similar to
those in our cell. Take a pipe of length d = 5 mm, and R = 0.5 mm, and set the BCs to
p = 1 atm at the outlet, and 1 atm + 5 Pa at the inlet, i.e., ∆p = 5 Pa.
We expect, then, to have a parabolic diametral speed profile, with vmax = 5 Pa·(5·10−4)2 m2

4·1.76·10−5Pa s·5·10−3 m ≈
3.55 m/s and by the theorem of averages of integrals, the average speed for a parabolic profile
is vav = vmax

2
≈ 1.78 m/s. For the total flow we expect to have dV

dt
= 5 Pa·π·(5·10−4)4 m4

8·1.76·10−5 Pa s·5·10−3 m ≈
1.39 · 10−6 m3/s ≈ 83.7 ml/min. Or using geometry: dV

dt
= πR2vav ≈ 83.9 ml/min (both

rounding errors, and errors in µ could contribute to the discrepancy here).
The geometry, and a color coded plot of the calculated speed field as produced by COM-

SOL, can be seen in Fig. 8 below.

Figure 8: a) Pipe geometry as rendered by COMSOL, with diameter 1 mm and height 5 mm.
The inlet is at the bottom and the outlet at the top, b) color coded speed field plot, in units
of m/s. The maximum speed is 3.6 m/s.

The values as calculated by COMSOL are instead dV
dt

= 84.5 ml/min, vmax = 3.60 m/s, which
suggests vav = 1.8 m/s, and thus, using our other total flow-rate formula dV

dt
= πR2vav = 84.8
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ml/min. The diametral speed profile at half the pipe height (z = 2.5 mm) is compared to
the analytical profile (as calculated in MATLAB) in Fig. 9, below.

Figure 9: A comparison between a diametral section of the 3D speed profile calculated in
COMSOL using a fine mesh (blue circles), to a 1D profile calculated “analytically” in MAT-
LAB (black curve), using the analytical relation for v(r). A separate COMSOL calculation
is done, using a coarser mesh (red asterisks). Clearly the density of the mesh affects the
accuracy of the solution.

There is fairly good agreement between the fine-mesh COMSOL-calculation and theory, and
the success in using half the maximum speed to calculate the total flow-rate is consistent
with parabolic behavior, as expected. The small deviations are likely dominated by the finite
resolution present even in the finer COMSOL mesh, as implied by the particularly poor
results yielded with a coarse mesh as seen in Fig. 9.

In summation, this test of the LFm confirms that its adherence to theory is dependent on
mesh density. From this we realize that the dependent variables satisfy the differentiability
condition if the mesh is sufficiently dense. While nothing has been revealed about possible
deviations for more complex velocity fields, this test provides an upper coarseness boundary.
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Transport of Diluted Species Module

The Transport of Diluted Species module (TDSm) solves Fick’s equations for diffusion, Eqs.
(18, 19), at equilibrium, under the assumption that the diffusion coefficients, Di, are constant
for each species, i. This makes the analysis of TDSm rather tricky, for two reasons.

Firstly, the assumption of constant Di is only valid for dilute species, such that trace
amounts of substance i diffuses into a much more abundant carrier medium that determines
D [17], and while there is no strict line to define the validity of TDSm, we can easily imagine
that deliberately maintaining a sharp concentration gradient of sample gas in an environment
of He does not quite fit the requisite criteria. While there are other, hypothetically more well-
suited COMSOL modules, that allow for Di to vary, I unfortunately could not get the solver
to converge when using it. Thus we will have to make do with TDSm.

Secondly, when an amount of gas that initially occupies a subset of the domain is let
loose, equilibrium occurs when the gas has diffused so as to be evenly distributed throughout
the domain. Then, it would seem that the only way to diagnose the behavior of TDSm with
respect to theory, is to do a time-resolved study. But how can we defend doing that? We are
after all looking for a time-invariant, stationary solution. I posit that there is a trick to be
used here. If we consider the needle axis to be the z-axis, then assuming constant speed along
that axis (which is of course only an approximation), then our z-axis is linear in time - a sort
of makeshift t-axis. Then we can indeed diagnose the behavior of diffusion in TDSm in a way
that is useful to us, because it turns out that the time-evolution of a well-defined sub-domain
of an initially homogeneously distributed finite concentration of gas undergoing diffusion in
a nominally infinite domain has been previously examined and discussed in literature, e.g.,
in Ref. [17].

In practice, the domain will have to be finite, and I calculate the diffusion of homogeneous
density distribution in the form of a cylinder of radius 1 mm, and height 1 cm, inside a cylinder
of radius 1 cm and height 1 cm (Fig. 10).
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Figure 10: Time-resolved diffusion of a homogeneous gas cylinder. The time-dependent
variable used has been adopted from Ref. [17]: τ =

√
Dt
r20
, where D is the diffusion coefficient,

and r0 is the initial radius of the solute cylinder. In both figures, concentration, C, has been
normalized with respect to the initial concentration, CNTP, in the inner cylinder at τ = 0,
and the radial distances, r, have been normalized with respect to the radius, r0, of the initial
gas pillar. In a) is a 3D illustration of the concentration distribution at τ = 1 as calculated
with TDSm with D = 3 ·10−5 m2/s; b) shows TDSm radial concentration profiles, with same
value for D and the legend gives different values of τ . The outcome corresponds very well
with theory [17].

TDSm appears to coincide with theory for this particular set of conditions, and that will have
to be sufficient for us to move on to the matter at hand - what happens when we combine
the two modules and apply them to a useful geometry?

Developing a Geometry and Examining the Parameter Space

We want to find a parameter space that supports a tight sample jet - so what parameters
might be important? Based on the considerations in Section 3 we can conclude that the
nature of the sample flow will affect the concentration profile, such that the jet is tighter
near the nozzle (early times, small τ), and greater flow rate should give a better profile as
long as Re does not grow too large (Section 2). Further, we are assuming that the He flow
will wash away sample gas, particularly at radial distances greater than the needle radius.
While calculations suggest (see below) that other, geometrical, parameters are have a role
to play, it is reasonable to start by examining the effect of varying the two gas flows in the
simplest possible geometry, wherein a needle is placed coaxially inside a tube (Fig. 11).
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Figure 11: N2 injected at a rate of ∼ 1 ml/min into a tube of 1 mm diameter through a needle
of 0.1 mm inner diameter and 0.2 mm outer diameter. No He is flowed. In figure a) the speed
field is plotted with flowlines - the flow is seen to exit the nozzle and flow both up and down.
The max speed 3.89 m/s. Figure b) displays a plot of N2 concentration normalized to CNPT

- the monochrome diagram reflects a uniform distribution C = 1.01CNPT of N2 throughout
the geometry at equilibrium.

We see that if we simply inject the sample gas into the pipe, without flushing He, the model
predicts that sample gas fills the entire volume at equilibrium, which is what we would expect.
Fig. 12 displays the result of adding a He flow.
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Figure 12: A He flow of ∼ 21 ml/min is added, and N2 flow is increased to about 8 ml/min to
clearly demonstrate the effect of adding He. In a) the speed field is displayed, with flowlines
going from bottom to top; note that sample gas only flows up now. A max speed of 36.6
m/s occurs in the needle, and Reynolds numbers are well below critical values. In b) we
see a concentration plot; we now see a clear plume of sample gas emerging from the nozzle,
as opposed to the uniform distribution formed when He is not flushed. Concentration is
normalized to CNPT. In c) color coded radial plot lines are displayed in a schematic drawing
of the system. The needle/pipe-axis is at the radial origin, the needle wall begins at a radial
distance of 0.05 mm and ends at 0.1 mm, and the tube wall is at 0.5 mm. The various plot
lines are situated at different distances above the needle opening, with a 50 µm spacing. In
d) we see the normalized radial concentration profiles along the various plot lines, and d gives
the distances in the legend. The color coding is the same for figures c) and d).

The addition of a He flow flushes away sample gas, and the effect increases with radial dis-
tance, as expected. At the chosen flow rates, the radial concentration profiles are inadequate,
however, as the concentration does not drop below 0.1CNPT rapidly enough. Further, the jet
quickly depletes, so that the central concentration is below 0.9CNPT at distance d = 150 µm.
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Figure 13: Changes in concentration profiles as N2

and He flows are varied. Top: He flow greatly in-
creased as compared to that seen in Fig. 12, but
N2 flow is unchanged. Middle: He flow is approx-
imately the same as that seen in Fig. 12, but N2

flow is increased. Bottom: both flows adjusted to
optimize concentration profiles.

Fig. 13 displays the effect on concentra-
tion profiles of varying the two gas flows.
In the top panel we see the effect of in-
creasing the He flow. The sample gas
concentration in the peripheral region is
greatly suppressed, but the central con-
centration depletes even more rapidly
than before. In the middle panel, the
He flow is readjusted to approximately
the same as that seen in Fig. 12, but the
sample gas flow is increased. The central
concentration is maintained for a consid-
erably larger distance, but the peripheral
flushing is insufficient.

The gas flows compete, such that in-
creased sample gas flow shifts central
concentrations upward, and vice versa,
whereas increased He flow does the oppo-
site. In the peripheral region, increased
He flow suppresses sample gas concen-
tration, and in the bottom panel, where
the two flows have been chosen so as to
optimize concentration profiles, we can
see that for sufficiently large sample gas
flow, the suppressing effect of He flushing
is considerably greater in the peripheral
region than in the central region, so that
it is possible to make a useful trade-off.

So far, then, simulations look promis-
ing - adequate concentration profiles are
produced with a reasonable gas con-
sumption, and at sub-critical Reynolds
numbers. A realistic geometry, however,
must be equipped with entry and exit
paths for X-rays, and this addition ne-
cessitates the consideration of geometri-
cal parameters. Fig. 14 displays a geom-
etry based on that seen in Figs. 11 and
12 with just such an addition, as well as
an extra path for alignment.

The concentration profiles in the top
panel of Fig. 14 are somewhat less good

than before, but are still adequate, to at least d = 150 µm. It turns out that this can be
improved upon by placing the needle near the wall, and angling it, with respect to the He
flow, as seen in the middle and bottom panels.

26



Figure 14: Radial concentration profiles, in the direction of incident photons, when X-ray
paths are added. Top: labeled geometry, the needle is still coaxial with He flow pipe. The
radial concentration profiles are somewhat less good than before. Middle: the needle is
moved to the pipe wall, and half of the geometry is cut - this is for visual clarity of the needle
positioning, but it also displays how the mirror plane symmetry is exploited in simulations
to decrease calculation time. Concentration profiles improve. Bottom: the needle is angled
25◦ from the pipe axis. Concentration profiles improve further.

This looks promising, but if the needle is inserted even 5 µm in the direction of the needle
axis from the position seen in the bottom panel of Fig. 14, the sample and He flows have to
be reduced to 22 ml/min and 71 ml/min, respectively, for the solver to converge. And even
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then, a solution was only found by using the solution at an even lower flow rate as input data.
This perturbation sensitivity may suggest that the configuration is prone to turbulence. But
even so, 5 µm adjustments are achievable with piezo motors, or possibly less sophisticated
mechanisms. For that reason, and because the severity of the perturbation sensitivity only
manifested itself once a better computer was used, which allowed simulations at a higher
mesh density, the latter configuration was chosen for the prototype.

During the initial measurements, it was found that the Raman scattered (outgoing) light-
cone was eclipsed by the walls of the cell, so the borehole was widened significantly (the
diameter was increased from 1 mm to 4 mm, starting 1 mm from the borehole intersection),
and calculations on the final geometry were not made until after measurements. A schematic
of the final geometry and one simulation are displayed in Fig. 15.

Figure 15: Left: cell schematic cross-section. The internal geometry is highlighted. The
borehole for outgoing light has been widened to 4 mm, starting at 1 mm from the intersection.
Right: radial concentration profiles, in the direction of incident photons, as before.

The final geometry performs slightly less well in simulations. The relative concentration in
the widened cavity builds up to less than 4 %. The cell, realized in aluminum, together with
a supporting scaffold, a lid to hold the cell in place, and three wall tiles to press windows
against the cell, are displayed in Fig. 16.
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Figure 16: Cell (before widening of the outgoing borehole) placed in the middle of a support-
ing scaffold (1), lid (2) and three wall tiles (3). The cell is a cube with side 1 cm, and the
borehole diameter is 1 mm. The needle borehole (out of view) has a 0.2 mm diameter. A 1
cm length bar is included for scale.

To properly position and adjust the needle inside the cell, a positioning mechanism was
developed within the group. The parts were made in plastic, by additive manufacturing
(3D-printing).

Figure 17: Left: device schematic cross-section, cell and needle positioning mechanism. Right:
photograph of the assembled device. 1: screw, 2: flexture arm, 3: needle holder, 4: wedge,
5: scaffold, lid and wall tiles, 6: cell, 7: He inlet. Drawing and image courtesy of Niklas
Johansson at the Ångström laboratory workshop.

The cell is held in place by a scaffold, a lid, and three wall tiles that press windows against
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the cell. He enters the cell through a pipe, and the opposite side of the device features an
exhaust-pipe. The needle sits in a holder, which slides on a wedge that is attached to the
scaffold. The holder is caused to slide towards the cell by tightening a screw that pushes a
flexture arm that pivots about a narrow bridge, and rests against a heel on the holder. A
metal spring provides a counteracting force, which helps to define the holder’s position and
causes the holder to slide away from the cell when the screw is loosened. The length-ratio of
the flexture arm’s extensions on both ends of the bridge is 1:5, which corresponds to position
adjustments of about 5 µm per quarter-turn of the screw.

4 Experiment
A 405 nm laser was used. CO2 was used as sample gas instead of N2, due to a more reliable
signal, as the ambient concentration is negligible. The flows of He and CO2 were measured
with gas flow meters, based on hover-body technology. Flows were set to 20 ml/min, and
125 ml/min for CO2 and He, respectively.

The device was fixed in the Raman microscope (Fig. 18), and the needle position was
adjusted. A photograph of the needle inside the cell is displayed in Fig. 19. During the
measurements the nozzle was closer to the wall, in better agreement with calculations.

Figure 18: The device placed in the Raman microscope.
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Figure 19: Photograph of the needle inside the cell. A length bar is included for scale.

The focus was positioned visually in front of the needle opening. Spectra were collected
of only air inside the cell and when flowing only CO2, to find the peak corresponding to
the Raman active symmetric stretch mode. Then, while flowing He, depth profiles were
collected in an attempt to find the jet, then horizontal line-maps were collected at select
depth positions.

5 Experimental Results
The Raman spectrum of air in the cell (Fig. 20) displays peaks from O2 and N2 at 1556 cm−1

and 2328 cm−1, respectively.

Figure 20: Raman spectrum of air inside the cell. Vibrational peaks of O2 and N2 are labeled.

When CO2 is flowed alone, a peak appears at 1388 cm−1. O2 and N2 peaks are still present.
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Figure 21: Raman spectrum of only CO2 (i.e., no He) inside the cell. The peak at 1388 cm−1

is identified as corresponding to the symmetric stretch mode.

A plot of the intensity of the CO2 peak in the vertical direction (along the direction of the
light-out borehole) with the addition of He is displayed in Fig. 22.

Figure 22: Depth line-map of the 1388 cm−1 peak.

The 1388 cm−1 peak appears to imply that there is a concentration profile that corresponds
well with calculations. Unfortunately, this shape turns out to appear in the background as
well, as is exemplified by studying the corresponding line-map at, say, 2000 cm−1 (Fig. 23)

32



Figure 23: Depth line-maps at 2000 cm−1 (bottom).

The shape of the background might, for example, instead correspond to the shape of the
needle. Horizontal line-maps were collected at various depth-points.

For each point along the horizontal line-map, the CO2 peak was identified (Fig. 24).

Figure 24: A Gaussian is fitted to the data about the peak, and a line is fitted to the
background. The line is integrated between the vertical black bars, as is the peak, both
directly, and using the Gaussian fit.

Each CO2 peak was integrated - both directly, and after fitting a Gaussian. A line was fitted
to the locally flat background and subtracted.
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The resulting line-maps at one depth (approximately -0.175 mm in Figs. 22, 23), is displayed
in Fig. 25.

Figure 25: Vertical CO2 concentration profiles. Top: peak data was integrated directly,
without Gaussian fit. Bottom: Gaussian fit was integrated. The profiles have similar shapes.

Both methods yielded similar shapes, but no sample jet can be identified. Similar results are
yielded along other lines.

6 Discussion and Outlook
Gas flow simulations have been conducted, based on a continuum model and using the finite
element method, as described in Section 2. Based on these calculations, a cell geometry was
developed that yields satisfactory gas flow concentration profiles in theory, and a prototype
was manufactured. Preliminary measurements did not reveal a discernible sample gas jet;
while a Raman signal of sample gas (CO2) was found, the sample appeared to be more or less
uniformly distributed across the probed space. In this sense the experiment is inconclusive
with respect to the ability of the current cell design to produce the desired concentration
distribution, and the central problem is one of finding the proper parameter space. Moving
forward, two sets of issues must be addressed, pertaining to simulations and measurements,
respectively. Starting with the former; errors related to the simulations may have led to faulty
conclusions regarding important features of the design. Perhaps the mesh is too coarse to
yield sufficiently accurate solutions (dependent variables must be differentiable for solutions
to be valid). Or, perhaps error introduced by stabilization methods is too great. The former
case seems unlikely, as the expected solution convergence with respect to mesh density is
observed, which makes it fairly straight-forward to choose a good density. The latter case
would be difficult to gauge; the calculational problem is deliberately hyperbolic, which means
that solutions do not converge at all if stabilization is disabled.
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A problem, which is apparently a feature of the geometry itself, is that solutions are
perturbation sensitive with respect to the needle insertion depth. Inserting it even 5 µm from
the position displayed in the bottom panel of Fig. 14 causes solution divergence, which may
reflect a propensity for turbulence. This poses a practical challenge, but one that can be
overcome, either with the mechanical solution presented in Fig. 17, or, presumably, using a
piezo translation stage, which is likely more practical for remote adjustments in a live setting,
under UHV conditions. But even so, we do not know whether poor needle positioning was
the leading cause for the unfortunate sample gas distribution that was observed. It is worth
noting that this perturbation sensitivity is non-existent in a setup like that displayed in Fig.
12, and since later simulations suggest that the angled needle, while yielding better results,
might not be necessary for sufficiently good results. Thus, the simpler geometry should also
be investigated experimentally.

A troubling issue pertaining to the software, is that it only permits for the material prop-
erties (molecular weight, diffusivity, viscosity) of a single material to be permanently attached
to a given sub-domain of the geometry. We might, for example, attach sample gas proper-
ties to the needle, and He properties to the rest of the cell volume, but the program does
not account for mixing of these properties as sample gas flows into the cavity. Effectively,
then, we are simulating He flushing away other He, and a discontinuous leap from sample
gas properties to He properties at the nozzle. The former of these consequences means, at
the very least, that the He consumption is being underestimated, since redirecting heavy
sample gas requires greater momentum transfer than does redirecting He. The latter is prob-
lematic because of the differentiability condition. Nevertheless, the produced solutions are
conspicuously predictable, and convergence has rarely been a problem, so the observed solu-
tion behaviors are likely similar to those of a more realistic model, but the correct parameter
space might be crucially different, making experimental mapping of said parameter space
rather challenging.

The difficulty in identifying an operational parameter space leads us to measurement
issues. Firstly it should be noted that we had problems with our flow meters; the flow
readout for He oscillated with a 10 ml/min amplitude, and the readout for sample gas flow
maxed out at 25 ml/min, regardless of flow-increase beyond that. Moving on to the method,
while CRM has great potential for mapping small sets of parameter values with high spatial
resolution, the fact that one line-map of twenty points requires several hours to collect,
makes it a very limited technique for scanning through larger sets. Another experiment is
called for, that allows for large sweeps through many parameter values, with less emphasis
on precision and space resolution. To that end, visualizing the sample gas in real-time is an
appealing alternative, as flows could then be varied and evaluated on-the-fly. for example,
a visible sample gas might be used under an optical microscope, or a heated gas might be
used under a thermographic camera. Both options have drawbacks, however; visible gases
are few, and typically toxic, and heating the sample gas may introduce thermodynamic
effects that are not respresentative of the realistic scenario. Either way, these methods
would be insufficient for determining whether the concentration gradient is good enough,
e.g., the observed light absorption through an optical microscope is integrated along the
line-of-sight, which means that spatial resolution is completely lost in one dimension. But
tendencies toward jet formation could be determined, and with that information on hand,
Raman microscopy could be used for fine-tuning.

In summation, calculations made using the finite element method in COMSOL yielded
promising results, and a prototype was developed accordingly. Preliminary measurements
made on the prototype using a confocal Raman microscope, suggest the need for a supple-
mentary experiment to determine which parameter values support sample jet formation.
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